Organic light-emitting diodes (OLEDs) have attracted much attention given their advantages to self-emission of light, wide angle, and applications in flat-panel displays. Red, green, and blue OLEDs with high efficiencies and low device driving voltages are necessary for full color displays.
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In red fluorescent OLEDs, donor-acceptor type materials such as 4-(dicyanomethylene)-2-methyl-6-[p-(dimethylamino)styryl]-4H-pyran (DCM) derivatives have been widely used as red fluorescent emitters.
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In this paper, a series of donor-acceptor-donor red fluorescent emitters (1) (2) (3) (4) were synthesized and their electroluminescent properties were investigated. In compounds 1-4, the bulky adamantane groups were incorporated in donor moieties in order to prevent molecular aggregation between emitters, thus reducing concentration quenching. Compared to the simple donor-acceptor type materials such as DCM derivatives, these donor-acceptor-donor type materials (1) (2) (3) (4) are expected to show improved color chromaticity due to the extended π-conjugation length. In addition, to study the structural effects of emitters on EL performance, various acceptor moieties containing -CN groups were introduced into red fluorescent materials 1-4.
Usually, doping is used to obtain red emissions, in which the emitting layer is compose of a host and red dopant in order to prevent concentration quenching in the emitting layer. [9] [10] [11] [12] Recently, a co-host system was reported to overcome the incomplete energy transfer between host and dopant. [13] [14] [15] [16] In this study, rubrene is employed as an assistant host in order to enhance energy transfer from host to dopants and thus improve the EL efficiencies.
Scheme 1 shows the synthetic route of the designed donoracceptor-donor type red fluorescent emitters. 5-(3-Adamantyl-7,7-dimethyljulolidyl)carbaldehyde was prepared through Vilsmeier reaction. Compounds 1, 2, and 4 were prepared by the Knoevenagel condensation of aldehyde with the corresponding active methylene compounds (1a, 2a, and 4a). The reaction of aldehyde with phosphonate intermediates (3a) gave 3 by the Horner-Emmons reaction.
The UV-vis absorption and PL spectra of red materials 1-4 are shown in Figure 1 . The photophysical properties of 1-4 are summarized in Table 1 . Compound 2, having phenylenediacetonitrile moiety as a acceptor, shows the longest maximum absorption and emission peak of 587 and 648 nm, respectively, while compound 1, having diaminomaleonitrile 
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moiety as a acceptor, shows the shortest ones of 464 and 553 nm, respectively. Moreover, compared to 1, the maximum emission peak of 3 was red shifted (ca. 62 nm) owing to the cyano group of 3 lies in conjugation with the distant julolidine moiety whereas those of 1 will conjugate with proximate julolidine moiety. The absorption of each compound shows a good spectral overlap with the emission of the host (Alq 3 ). This indicates that Alq 3 serves as a suitable host in the OLEDs using the compounds 1-4 as red dopant materials. These red emitters 1-4 show FWHM of 65, 55, 82, and 74 nm, respectively. The PL quantum yields of 1-4 were measured in 1,2-dichloroethane, using DCJTB as the standard, and were found to be 0.01-0.46, respectively. Interestingly, the quantum yield of 3 (0.37) and 4 (0.46) were higher than those of 1 and 2. Therefore, 3 and 4 could be quite good as a red dopant for OLEDs. Figure 2 shows the solid PL spectra of the Alq 3 :rubrene (50%) host doped with dopant 1-4 film at doping concentration of 2%. The maximum emission peaks of 1-4 were 588, 647, 635, and 657 nm, respectively. The Alq 3 and Alq 3 : rubrene (50%) film showed PL emission at 502 and 588 nm, the Alq 3 : rubrene (50%) emission disappeared in the Alq 3 : rubrene (50%) film doped with dopants 2-4. This confirms the efficient energy transfer from the Alq 3 : rubrene (50%) host to the dopant materials. Interestingly, compared to the solid PL spectra of Alq 3 : rubrene (50%), Alq 3 : rubrene (50%) doped with dopant 1 film showed same wavelength. This imply that the energy transfer from rubrene to dopant 1 is ineffective due to the smaller band-gap of rubrene (2.20 eV) than that of dopant 1 (2.38 eV). However, the energy transfer from Alq 3 to dopant 1 is possible. Presumably, the PL spectrum of Alq 3 : rubrene (50%) film doped with dopant 1 is composed of emissions from dopant 1 as well as rubrene. Intriguingly, the PL spectrum of Alq 3 : rubrene (50%) film doped with dopant 4 showed the longer emission wavelength than that doped with dopant 2 in spite that the solution PL spectrum of 4 showed the shorter emission wavelength than that of 2. This suggests that the emission of of Alq 3 : rubrene (50%) film doped with dopant 4 originated from the excimer of 4 through the effective molecular aggregation of 4.
Molecular simulations studies of compounds 1-4 using molecular mechanics (MM2) energy minimization were carried out to test the tendency of molecular aggregation and thus the excimer formation of 1-4 at the molecular level. Figure 3 shows the energy minimized structures of compounds 1-4. The calculated angles between the adamantane-substituted phenyl rings and the central phenyl rings at energyminimized structures of compounds 1, 3 and 4 increased in the order of 4 (3°) < 1 (25°) < 3 (37°). In addition, the imine center group of compound 2 would provide large steric hindrance for molecular aggregation, in which the calculated angle between the adamantane-substituted phenyl rings was 53°. This suggests that intermolecular aggregation was suppressed in the order 4 < 1 < 3 < 2 and the excimer formation was effective in the reverse order. The HOMO energy levels for red materials 1-4 were measured by a low-energy photoelectron spectrometer (Riken-Keiki AC-2). Their HOMO/ LUMO energy levels were −5.49/−3.11, −5.31/−3.31, −5.66/ −3.48, and −5.79/−3.66, respectively. These results indicate that the energy levels were very sensitive to the structural features of the acceptor moieties. For example, compared to 1 with the cyano groups in the vinyl bridge, the energy levels of 3 with those in the phenylene core had lower values. Also, in the case of 4 with pyran core unit, its energy levels exhibit the lowest value. The optical energy band gaps (E g ) of 1-4 Maximum absorption or emission wavelength in 1,2-dichloroethane (1 × 10
Obtained from AC-2 and UV-vis absorption measurements. were 2.38, 2.00, 2.18, and 2.13 eV, respectively, as determined from the absorption and photoluminescence spectra.
To explore the electroluminescent properties of the red fluorescent materials, devices were fabricated with structure of ITO/NPB (40 nm)/Alq 3 : rubrene (50%): 1-4 (2%) (20 nm)/Alq 3 (40 nm)/Liq (1 nm)/Al (100 nm). For comparison, we also fabricated the corresponding red-emitting device using DCJTB as a dopant at the same doping concentration. The electroluminescent properties of the devices of 1-4 and DCJTB are summarized in Table 2 . While device 1 showed orange emissions with peaks at 566 nm, devices 2 and 3 showed red emissions with peaks at 656 and 618 nm, as shown in Figure 4 . Device 2 had a very red-shifted wavelength at 656 nm in the EL spectra. The device 4 has emission peak at 635 nm in EL spectra; however, the shoulder peak due to excimer formation takes place around 678 nm. At a driving voltage of 8.0 V, the CIE coordinates of 1-4 based devices are (0.52, 0.48), (0.68, 0.32), (0.63, 0.33), and (0.66, 0.33), respectively. Interestingly, devices 2 and 4 showed the CIE coordinates which were close to the NTSC red standard of (0.67, 0.33).
The luminous efficiencies (LE) and power efficiencies (PE) of red devices 1-4 and DCJTB are shown in Figure 5 and key device performance parameters are summarized in Table  2 . Notably, the luminance of the device 4 is 2-5 times higher than the others. Among those, device 4 exhibits the most efficient emission with the luminous efficiency of 4.81 cd/A at 20 mA/cm 2 with a power efficiency of 2.20 lm/W. This result may be attributed higher fluorescence quantum yield of 4 than 1, 2, and 3. Interestingly, compared to device 2, device 1 showed the improved EL efficiencies in spite that the fluorescence quantum yield of dopant 1 is much smaller than that of dopant 2. Presumably, the emission of device 1 originated from dopant 1 as well as rubrene because the energy transfer from rubrene to dopant 1 is ineffective due to the smaller band-gap of rubrene (2.20 eV) than that of dopant 1 (2.38 eV). The efficient emission from rubrene would contribute the improved EL efficiencies of device 1 as compared to device 2. Notably, compared with device using DCJTB, device 4 showed the improved EL performances. For example, the luminous and power efficiencies of device 4 increased by 24 and 98% at 20 mA/cm 2 , respectively, as compared to device using DCJTB. Also, device 4 exhibited the better CIE coordinates (0.66, 0.33) than DCJTB-based device (0.61, 0.39). Thus, this study demonstrates that the donor-acceptor-donor type materials are excellent candidates for use as red fluorescent emitters in OLEDs.
In conclusion, a series of donor-acceptor-donor red fluorescent emitters (1-4) have been synthesized and their electroluminescent properties were investigated. All devices using these materials as dopants in Alq 3 /rubrene co-host emitting layer showed the efficient red electroluminescence. 
Experimental Section
Materials and Measurement. 1,4-Phenylenediacetonitrile (1a), diaminomaleonitrile (2a), and 4-(dicyanomethylene)-2,6-dimethyl-4H-pyran (4a) were used as received from Aldrich or TCI Co. Tetraethyl-(2,5-dicyano-α,α'-p-xylylenediphosphonate) (3a) and 5-(3-adamantyl-7,7-dimethyljulolidyl)carbaldehyde were synthesized as reported previ- 
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General Procedure: Type I. Into a round-bottom flask was added 5-(3-adamantyl-7,7-dimethyljulolidyl)carbaldehyde (2.1 mmol) and 1a or 2a or 4a (1.0 mmol), respectively, which was then fitted with a deanstark trap (packed with molecular sieves) and reflux condenser. Anhydrous ethanol and piperidine (10.0 mmol) were then added and heated to 110 o C for 24 h and cooled in a refrigerator. The mixture was filtered and extracted with ethyl acetate and washed with water. After filtration and solvent evaporation, the mixture was purified by recrystallization from dichloromethane and hexane. OLEDs properties such as the current density (J), luminance (L), luminance efficiency (LE) and Commission Internationale de I'Eclairage coordinates (CIE) coordinate characteristics were measured using a Keithly 2400 source measurement unit and Chroma meter MINOLTA CS-1000A. Electroluminance was measured using a Roper Scientific Pro 300i.
